The amyloid precursor protein (APP) is an ubiquitously expressed cell surface protein and a key molecule in the etiology of Alzheimer disease. Amyloidogenic processing of APP through secretases leads to the generation of toxic amyloid ␤ (A␤) peptides, which are regarded as the molecular cause of the disease. We report here an alternative processing pathway of APP through the mammalian intramembrane rhomboid protease RHBDL4. RHBDL4 efficiently cleaves APP inside the cell, thus bypassing APP from amyloidogenic processing, leading to reduced A␤ levels. RHBDL4 cleaves APP multiple times in the ectodomain, resulting in several N-and C-terminal fragments that are not further degraded by classical APP secretases. Knockdown of endogenous RHBDL4 results in decreased levels of C-terminal fragments derived from endogenous APP. Similarly, we found the APP family members APLP1 and APLP2 to be substrates of RHBDL4. We conclude that RHBDL4-mediated APP processing provides insight into APP and rhomboid physiology and qualifies for further investigations to elaborate its impact on Alzheimer disease pathology.
The amyloid precursor protein (APP) 2 is abundantly expressed throughout the human body and shows high levels in the brain, lung, and liver (1) . APP is a type I transmembrane protein that undergoes complex glycosylation and trafficking to the cell surface. Several physiological functions for APP have been reported, including involvement in cell adhesion and migration, proliferation, and cholesterol and copper homeostasis (2) (3) (4) . In the brain, APP is required for neuronal development and synaptic maintenance (5) (6) (7) , although the detailed mechanisms underlying these effects remain unclear. In addition to APP itself, the APP family also comprises the homologous APP-like proteins 1 and 2 (APLP1 and APLP2), which show partial functional redundancy (8) . All APP family members undergo ectodomain shedding through the action of matrix metalloproteases (␣-secretase) or ␤-site APP cleaving enzyme 1 (BACE1) (9, 10) . Then, in a second step, the remaining membrane-bound stubs are processed by ␥-secretase (11) . Sequential cleavage of APP by BACE1 and ␥-secretase results in the generation of harmful amyloid ␤ (A␤) peptides, which are proposed as the molecular cause of Alzheimer disease (12) . ␥-Secretase is an intramembrane protease and cleaves the APP transmembrane sequence at multiple sites, generating A␤ peptides with predominantly 38, 40, and 42 amino acids, which are secreted (13) .
Besides ␥-secretase, other classes of intramembrane proteases are known, including the superfamily of rhomboid proteases (14) . Rhomboid proteases are evolutionarily conserved and found in all kingdoms of life, including archaea, prokaryotes, plants, and animals (15, 16) . Such conservation suggests that they successfully withstood evolutionary pressure and carry out essential biological functions. Defining rhomboid protease functions strongly depends on the identification of their substrates, which has been difficult so far. In mice and humans, proteolytically active and inactive rhomboid protein family members have been linked to EGF and TNF␣ signaling (17) (18) (19) (20) (21) (22) (23) . Furthermore, the mitochondrial rhomboid protease presenilins-associated rhomboid-like protein (PARL) has been implicated in mitophagy (24) and is linked to Parkinson disease (25, 26) . Active rhomboid proteases directly recognize their substrates and do not require an initiating ectodomain shedding event, unlike ␥-secretase (27) . Substrate cleavage occurs within the transmembrane sequence, but cleavage events in extramembrane regions have also been described (28 -31) . In addition to PARL, there are four other active rhomboid proteases known in humans, i.e. RHBDL1, 2, 3, and 4 (32) .
Here we show that the APP family members are efficient substrates for the rhomboid protease RHBDL4. RHBDL4-mediated cleavage of APP leads to the generation of multiple APP N-and C-terminal fragments intracellularly, resulting in a significant decrease of secreted A␤ peptide levels. We propose that processing of APP by RHBDL4 is an alternative APP processing pathway, maybe functioning to regulate levels of APP presented at the cell surface, which may further our understanding of APP biology.
Results
RHBDL4 Cleaves APP-To investigate whether rhomboid proteases cleave APP, we co-expressed RHBDL1, 2, 3, or 4 with full-length APP695 in HEK 293T cells. Full-length APP levels, 22-25 kDa APP CTFs * 38 FIGURE 1. RHBDL4-mediated APP processing. A, co-expression of APP and rhomboid proteases in HEK 293T cells. A stable 70-kDa APP ectodomain (ecto) fragment was observed in cell lysates only with co-expression of RHBDL4. Shown is a representative Western blot of three independent experiments. B, inactive RHBDL4 S144A (R4 inac) showed no APP cleavage. APP full-length (fl) and the 70-kDa fragment were quantified and normalized to ␤-actin (see graph). The sum of APP fl and fragment revealed no significant difference between active (ac) and inactive RHBDL4. Mean Ϯ S.E., n ϭ 4, two-tailed paired t test. *, p Ͻ 0.05; **, p Ͻ 0.01. C, secretion of ectodomain fragment. 36 h after transient transfection, the cell culture supernatant was conditioned for 12 h containing 5% FCS. APP carries an N-terminal myc tag and was detected with anti-myc antibody from the lysate and supernatant. Secreted sAPP␣/␤ migrates at about 110 kDa and is detected in the supernatant (sn). The signal at 36 kDa represents RHBDL4 (myc-tagged). Shown is a representative Western blot of three independent experiments. D, generation of large APP-CTFs. Top panel, higher resolving gel showing that the RHBDL4-mediated 70-kDa APP ectodomain fragment in lysate migrates as a double band at 70 and 73 kDa. Multiple APP CTFs in the range of 10 -25 kDa were detected with antibody 6E10. The asterisk indicates RHBDL4 staining from the panel above. Shown is a representative Western blot of four independent experiments. E, for detailed analysis of APP fragments, samples from the experiments in D were reblotted in E and stained with different antibodies. The same samples were loaded three times on the same gel. Blots were cut before staining with C1/6.1, 6E10, or 22C11 as indicated. The light red arrow indicates the 22C11-reactive APP fragment, medium red arrows indicate 6E10-and C1/6.1-reactive fragments, and the dark red arrow indicates only C1/6.1-reactive fragment. The yellow arrow indicates ␣-CTF that is present in the mock control. Shown is a representative Western blot of three independent experiments. F, the antibody ab3 does not stain CTFs but the 70-kDa APP ectodomain fragment and APP fl. Shown is a representative Western blot of at least two independent experiments. G, schematic of APP cleavage sites. According to the size of RHBDL4-mediated APP fragments (indicated on the right), RHBDL4 cleaves multiple times in the APP ectodomain N-and C-terminal of the BACE1 cleavage site. The asterisk indicates the presumed preferential cleavage sites. The arrow color code is according to E. Also indicated are the binding sites of APP antibodies 22C11 (APP ectodomain, residues 66 -81), ab3 (465-514 of APP695), 6E10 (A␤ region, residues 3-8), and C1/6.1 (676 -695 of APP695). The cylinder indicates the A␤ peptide region with new amino acid numbering starting at the BACE1 cleavage site with 1. A-F, detection of APP was performed with 22C11 unless indicated otherwise and of RHBDL4 with anti-myc antibody, and ␤-actin was used as a loading control. detected at about 100 kDa, were not affected by RHBDL1, 2, or 3 ( Fig. 1A ). However, co-expression with RHBDL4 resulted in a robust decrease in the levels of full-length APP. In addition, a 70-kDa APP N-terminal fragment was detected in the cell lysate ( Fig. 1A ). This fragment was smaller than the soluble APP ectodomain fragments generated by ␣-secretase or BACE1 cleavage, and likely corresponded to a distinct ectodomain fragment.
To determine whether this cleavage was specific for proteolytic activity of RHBDL4, we generated an inactive RHBDL4 mutant by exchanging the catalytically active serine in position 144 for an alanine residue (S144A) (33) . When expressing the inactive RHBDL4 S144A mutant with APP, the expression of full-length APP was restored, and, in accordance, no 70-kDa fragment was generated ( Fig. 1B) . Compared with the inactive mutant, active RHBDL4 significantly decreased full-length APP levels by 82.8% Ϯ 6.1% (Fig. 1B ). Comparing the signal intensities of the sum of full-length and the 70-kDa APP fragment of the active versus inactive RHBDL4 variant revealed a trend toward a slightly smaller sum for active RHBDL4, which was not significant ( Fig. 1B quantification) . This indicates that the decrease of full-length APP is almost compensated by the increase of the 70-kDa fragment ( Fig. 1B ). We therefore hypothesized that a proportion of this fragment may be secreted.
To investigate the cellular fate of the 70-kDa APP ectodomain fragment, we analyzed the cell culture supernatant for its presence. Indeed, we detected this fragment only from cells expressing active RHBDL4 but not the inactive form or mock control (Fig. 1C ), indicating that it is secreted. In addition, the antibody used in this Western blot recognizes secreted soluble APP ectodomain fragments generated through ␣-secretase and BACE1 (sAPP␣/␤) in the supernatant. With active RHBDL4, sAPP␣/␤ levels are much lower in the supernatant than with inactive RHBDL4, indicating that classical APP processing is circumvented. Importantly, using a gel system that separates high molecular weight proteins, we noted that the RHBDL4mediated 70-kDa fragment appeared as a double band (apparent molecular weight, 70 and 73 kDa; Fig. 1D , top panel), which may represent different cleavage products. The presence of these 70-to 73-kDa APP fragments raised the question as to whether RHBDL4 also generates corresponding APP C-terminal fragments (CTFs). Analysis of cell lysates with gels separating low molecular weight proteins revealed that RHBDL4 generates at least five APP C-terminal fragments between 10-to 25-kDa sizes, with the most prominent band at around 21 kDa (depending on the gel system and marker used, Fig. 1D ). None of these cleavage fragments were detected with inactive RHBDL4 (Fig. 1D ). The use of multiple APP antibodies with different epitope specificities revealed at least three different regions where RHBDL4 cleaves APP ( Fig. 1 , E-G). We detected a 30-kDa fragment that was 22C11-reactive, an antibody that binds at position 66 -81 in the APP ectodomain, indicating that RHBDL4 cleaves APP around amino acid 270. Furthermore, the use of 6E10, specific for the N-terminal A␤ region residues 3-8, revealed five fragments larger than ␤-CTF, indicating five cleavage sites N-terminal to the BACE1 site. Differential comparison of CTFs stained with C1/6.1, an antibody specific for the last 20 C-terminal amino acids of APP, versus 6E10 enabled us to localize at least one cleavage within the A␤ region, N-ter-minal of the ␣-secretase cleavage site but C-terminal of the 6E10 epitope (not 6E10-reactive, CTF larger than ␣-CTF). Of note, abundant ␣-secretase-derived ␣-CTFs and the more rare ␤-CTFs are detected with C1/6.1 (Fig. 1E , first lane). ␤-CTFs can be distinguished from ␣-CTFs using the antibody 6E10; however, under our experimental conditions, ␤-CTFs are not detected, probably because of a relatively low amount of protein loaded on the gels to be able to resolve the RHBDL4-derived CTFs that give strong Western signals (Fig. 1 , D and E, center panels). In addition, the antibody ab3 recognizing an ectodomain epitope (residues 465-514) did not detect any RHBDL4mediated CTFs but the 70-kDa ectodomain fragment, implying that the APP C-terminal fragments do not contain the ab3 epitope ( Fig. 1F ). All potential RHBDL4-mediated cleavages in APP are summarized in Fig. 1G .
Cleavage of Endogenous APP-To gain more insight into the physiology of RHBDL4-mediated APP cleavage, we took advantage of the endogenous expression of APP in the human neuroblastoma cell line SH-SY5Y. Overexpression of active RHBDL4 resulted in the generation of an endogenous APP ectodomain fragment ( Fig. 2A ) similar to the ones observed in the co-expression experiments ( Fig. 1 ). Likewise, HEK 293T cells endogenously express the larger APP isoform APP751 detectable at higher molecular weights than APP695, i.e. at 120 kDa, because of an additional domain in this isoform. Titrating increasing amounts of active RHBDL4 resulted in increasing levels of endogenous APP N-and C-terminal fragments (Fig.  2B ). Quantification of endogenous 75-kDa fragments (slightly higher than the fragment from APP695, as expected) reveals a correlation between fragment levels and amounts of transfected RHBDL4 cDNA ( Fig. 2B ). Thus, endogenous APP is cleaved in a concentration-dependent manner by RHBDL4.
Next, we aimed to investigate the fate of these endogenous APP CTFs. In a recent publication by Wang et al. (34) , the accumulation of novel, larger APP CTFs upon ALLN treatment, a lysosomal inhibitor, was described (34) . We were also able to accumulate such CTFs in wild-type HEK 293T cells ( Fig.  2C) . Similarly, when expressing RHBDL4, the signals for endogenous APP CTFs increased and were further accumulated by ALLN treatment (Fig. 2C ). Comparison of the RHBDL4-mediated CTFs and CTFs described by Wang et al. (34) shows that the CTF pattern is partially overlapping, implying that at least some of the CTFs that accumulate with ALLN in wild-type cells may derive from endogenous RHBDL4 processing. To further investigate this idea, we down-regulated endogenous RHBDL4 levels using shRNAs ( Fig. 2D ). We observed that, with decreasing RHBDL4 levels, the signals for the endogenous APP-CTF at 10 kDa were reduced as well. Additional treatment with ALLN demonstrated again the accumulation of endogenous APP CTFs up to 15 kDa under control conditions but not under RHBDL4 knockdown conditions ( Fig. 2D ). Quantified RHBDL4 knockdown efficiency correlated with a decrease of the 10-to 15-kDa CTF levels (Fig. 2D) .
APP-RHBDL4 Interaction-To further study RHBDL4 and APP as an enzyme-substrate pair, we first analyzed their interaction using co-immunoprecipitation. Using an APP-specific antibody (6E10), we pulled down full-length APP and co-immunoprecipitated inactive RHBDL4 ( Fig. 2E ). Less active RHBDL4 was co-immunoprecipitated, as expected, because the enzyme likely processes APP upon binding ( Fig. 2E, bottom  panel) .
In Western blots, APP migrates as two predominant bands representing the immature, core glycosylated APP residing in the endoplasmic reticulum (ER) (Fig. 2F , bottom band) and the mature protein at the cell surface ( Fig. 2F, top band) . Furthermore, Fleig et al. (33) described that RHBDL4 localizes in the ER. Therefore, we wanted to determine the subcellular localization of the APP-RHBDL4 interaction by titrating increasing amounts of inactive RHBDL4 with a constant amount of APP cDNA. The results showed an increase of immature APP levels the more inactive RHBDL4 was expressed ( Fig. 2F ). This indicates that APP is retained in the ER by inactive RHBDL4, which could be explained if inactive RHBDL4 is still capable of binding APP but not able to proteolytically process it. Considering that the 70-kDa APP N-terminal fragments were observed in cell lysates, we rationalized that RHBDL4 interacts with and cleaves APP in the ER.
Analysis of Novel RHBDL4-mediated APP Fragments-Because APP is processed by ␣-secretase, BACE1, and ␥-secretases, we investigated whether the RHBDL4-mediated cleavage 
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fragments were indeed generated independently of these enzymes or whether they were further degraded by them. Hence, we treated cells with various protease inhibitors. A matrix metalloprotease inhibitor (BB94) also inhibiting ␣-secretase led to a decrease in sAPP␣, as expected, when only APP was expressed ( Fig. 3A ). However, upon co-expression with RHBDL4, no effects were observed on the APP ectodomain fragments or CTFs. Likewise, a BACE1 inhibitor successfully prevented the generation of sAPP␤ in APP-transfected cells but had no effect on the generation of RHBDL4-mediated APP fragments (Fig. 3B ). BACE1 inhibition also caused an accumulation of CTFs under control conditions, implying that ␣-secretase probably compensates for BACE1, an effect that depends on the cell type and protein overexpression of the specific experiment (35) . Inhibition of ␥-secretase resulted in the expected accumulation of ␣or ␤-CTFs in controls but did not affect RHBDL4-derived N-or C-terminal APP fragments (Fig.  3C ). Note that ␣or ␤-CTFs do not accumulate when active RHBDL4 is co-expressed ( Fig. 3C ). This indicates that RHBDL4 prevents APP from processing through ␣or ␤-secretase, which is in accordance with low levels of sAPP in the presence of active RHBDL4 (Figs. 1C and 3, A and B) . In addition, we used broadband inhibitors for cysteine proteases (E64D), metalloproteases (phenanthroline), and aspartyl proteases (pepstatin A) ( Fig. 3, D-F) . None of these treatments affected the pattern of RHBDL4-mediated APP fragments. Thus, the inhibitor results indicate that these newly discovered APP fragments derive from RHBDL4-mediated APP processing and are neither generated nor degraded by classical secretases and likely not by other proteases. RHBDL4-mediated Processing of APP Family Members-Based on the homology of the APP family members, we analyzed whether RHBDL4 also cleaves APLP1 and APLP2. Fulllength APLP1 and APLP2 protein levels were reduced by 58% Ϯ 9% and 71% Ϯ 9%, respectively, when co-expressed with RHBDL4 in comparison with the inactive mutant ( Fig. 4, A, B , and E). Notably, APLP1 and APLP2 generated two new ectodomain fragments at around 60 and 70 kDa and 80 and 100 kDa, respectively, similarly to APP (Fig. 4, A and B) . To confirm the substrate specificity of RHBDL4, we also tested whether BACE1, another type I transmembrane protein involved in Alzheimer disease, and the transferrin receptor 1 (TfR) are cleaved by RHBDL4. Importantly, there were no signs of cleavage fragments for BACE1 or TfR (Fig. 4, C and D) .
RHBDL4 Activity Reduces A␤ Peptide Levels-Finally, because A␤ peptides are a major hallmark of Alzheimer disease generated through amyloidogenic processing of APP, we investigated the impact of RHBDL4 on A␤ generation. We quantified A␤38, A␤40, and A␤42 levels in conditioned cell culture supernatant of transfected cells using a multiplex ELISA. When comparing active RHBDL4 to the inactive mutant, we found A␤38 levels to be decreased by 83% (Fig. 5A) , A␤40 by 69%, and A␤42 levels by 57% (Fig. 5, B and C) . Thus, RHBDL4 activity strongly reduces A␤ peptide levels. Taken together, because RHBDL4 processes APP likely in the ER and the RHBDL4-derived CTFs are not affected by ␥-secretase, we conclude that RHBDL4-mediated APP cleavage is an alternative APP processing pathway bypassing the classical amyloidogenic pathway (Fig. 5D ).
Discussion
Rhomboid proteases are a fascinating family of proteins with emerging roles in the immune system, cell proliferation, and cellular stress responses (18, 24, 33, 36, 37) . To unravel rhomboid function, the identification of their substrates is critical. Here we show that APP family members are very good substrates of RHBDL4. Interestingly, RHBDL4 as an intramembrane protease cleaves APP multiple times within its ectodomain.
RHBDL4 has been linked with ER-associated degradation (ERAD) pathways and guides ubiquitinated substrates to the proteasome (33) . Also, ERAD has been shown to be dysregulated in Alzheimer disease (38, 39) . Therefore, we thought that RHBDL4 and APP may be linked via the ERAD machinery, and, indeed, we found APP efficiently cleaved by RHBDL4. However, we found no evidence that ubiquitination is required for RHBDL4-mediated APP cleavage events nor that larger APP CTFs are degraded by the proteasome. Endogenous full-length APP and APP ectodomain (ecto) fragments were detected with the antibody LN27. Of note, the endogenous (endo) APP ectodomain fragment migrates slightly above the 75-kDa marker under these experimental conditions. Shown is a representative Western blot of three independent experiments. B, titration of increasing amounts of RHBDL4 cDNA as indicated in HEK 293T cells. Shown is a representative Western blot of the detection of endogenous APP and 75-kDa fragments (n ϭ 4) as well as endogenous CTFs with C1/6.1 (n ϭ 3). Note that the CTF signal in the control with 0 g of RHBDL4 likely represents endogenous ␣and ␤-CTFs (yellow arrow), whereas, in the following lanes with RHBDL4 transfection, the major CTF signal likely derives from RHBDL4-mediated (R4-med) APP processing (lowest black arrow). Levels of APP ectodomain fragments were quantified and normalized to actin with 0 g set as 1 and are shown as a function of RHBDL4 cDNA levels. Shown is the mean Ϯ S.E. C, detection of endogenous APP CTFs upon ALLN treatment. 36 h after transfection with RHBDL4 (untransfected as control), HEK 293T cells were treated with 50 M ALLN (DMSO as vehicle control) for 12 h. 100 g of total protein was separated by SDS-PAGE, and Western blots were stained with C1/6.1 for endogenous APP CTFs, rabbit-anti-RHBDL4 detecting exogenous (exo, short exposure, second panel) and endogenous RHBDL4 (endo, long exposure, third panel). Endogenous APP CTF signals are labeled with black arrows for RHBDL4derived CTF, a gray arrow for a CTF signal that is probably not RHBDL4-mediated, and a black/yellow mixed arrow indicating potential co-migration of ␣-/␤-CTFs. Shown is a representative Western blot of three independent experiments. D, down-regulation of endogenous RHBDL4 levels using shRNA. Cells expressing shRNAs were separated from non-transfected cells using FACS. Detection of endogenous APP CTFs was performed with C1/6.1 antibody. To enhance the endogenous APP CTF signal, HEK 293T cells were treated with 50 M ALLN for 12 h (ϩ). Signals for 10-to 15-kDa CTFs and RHBDL4 were quantified and normalized to ␤-actin. The graph shows levels of CTFs in relation to the knockdown efficiency of RHBDL4 (calculated by 1Ϫ (RHBDL4 shRNA/RHBDL4 control)). Each point represents one experiment (n ϭ 5). Linear regression analysis: Y ϭ Ϫ0.9111 ϫ X ϩ 1.099, p (slope non-zero) ϭ 0.0163. Note that the smallest RHBDL4-derived CTF signal decreases with RHBDL4 knockdown, but it may contain co-migrating ␣-/␤-CTFs (black/yellow-mixed arrow). E, immunoprecipitation of full-length APP with 6E10 antibody. Negative controls were either no antibody (antib) or no lysate (lys). Particularly inactive RHBDL4 was co-immunoprecipitated with APP. The top immunoprecipitation blot was detected with anti-myc antibody for RHBDL4 and APP (N-terminal myc tag), and the bottom immunoprecipitation panel was detected with 6E10 also recognizing endogenous APP. Lysate blots below serve as expression controls. Shown is a representative Western blot of three independent experiments. F, titration of increasing amounts of inactive RHBDL4 (as indicated) and 500 ng of APP cDNA filled up to 2 g of total DNA with empty vector. mat, mature; immat, immature. Shown is a representative Western blot of three independent experiments. A-F, if not stated differently, APP was detected with 22C11 and RHBDL4 with anti-myc antibody, and ␤-actin staining served as a loading control.
Previously, various APP N-and C-terminal fragments other than those generated by the three classical secretases have been found in different experimental contexts. APP N-terminal fragments between 17 and 28 kDa (22C11-reactive) have been described in the mouse brain by Vella and Cappai (40) . Importantly, Wang et al. (34) have recently shown the existence of novel endogenous APP CTFs of 15-to 25-kDa size that were enriched after treatment with lysosomal inhibitors. We show here that RHBDL4 down-regulation results in a concomitant decrease of such APP CTFs, implying that at least some of the previously described APP fragments are generated through endogenous RHBDL4 activity.
Based on the fragment sizes, antibody-binding sites, and inhibitor studies, we showed that RHBDL4 cleaves APP at sev- APP was stained with 22C11, APP-CTFs with C1/6.1 (of note, this antibody does not differentiate between ␣or ␤-CTF), sAPP␣ with 6E10, RHBDL4 with anti-myc antibody, and sAPP␤ with a specific sAPP␤ antibody. LC3B antibody staining as a positive control for E64D treatment showed an increase of the LC3B-II isoform (bottom signal). ␤-Actin was used as a loading control. Note that CTFs generated through classical APP processing by ␣or ␤-secretase (yellow arrow, CTFs) migrate slightly lower than the smallest CTFs generated by RHBDL4 (RHBDL4-mediated CTFs). A-F, the N-terminal APP fragments were quantified as well as (for A-C) the 22-to 25-kDa APP CTFs (stained with either 6E10 or C1/6.1) and normalized to ␤-actin. Error bars depict the mean -fold change of inhibitor treatment Ϯ S.E. compared with DMSO control (ctr) set as 1. The number of replicates is as indicated. All results were non-significant (two-tailed paired t test).
eral sites within the APP ectodomain, although we cannot exclude cleavage sites in transmembrane sequences or the involvement of another, still unknown protease. The active center of bacterial rhomboids has been localized to the extracellular face of the enzyme, forming an accessible cavity (30) . Thus, artificial substrates such as casein can be cleaved by rhomboid proteases, although casein has no transmembrane sequence (29, 41) . The ectodomain cleavage of APP by RHBDL4 described here is not unprecedented; however, the high number of APP cleavage sites is remarkable. It is currently unclear whether those cleavage events occur independently from each other or sequentially. If cleavage events occurred independently, we would anticipate finding 85-to 90-kDa APP ectodomain fragments corresponding to 10-to 15-kDa APP CTFs, which was not the case. The most abundant signals were the 70-to 73-kDa ectodomain fragments and the 22-to 25-kDa larger APP CTFs. Therefore, we reason that these fragments derive from processing at preferred cleavage sites ( Figs. 1H and  5D ). The soluble 70-to 73-kDa APP ectodomain fragments may be released from RHBDL4, whereas the transmembranous APP CTFs may remain bound to the enzyme and further trimmed, generating the smaller 10-to 15-kDa APP CTFs. At least for APP, it appears that RHBDL4 shows sheddase activity, implying that RHBDL4 exhibits dual "Janus"-like functionalities and mediates shedding of ectodomains as well as intramembrane cleavage in transmembrane sequences.
Recently, Fleck et al. (42) reported processing of neuregulin 1 by two different classes of intramembrane proteases, i.e. ␥-secretase and signal peptide peptidase-like proteases. Our findings further support the idea that one substrate can be processed by two different classes of intramembrane proteases, i.e. in the case of APP, ␥-secretase and RHBDL4, but we have not finally identified intramembrane cleavages by RHBDL4. Interestingly, RHBDL4 was also recently reported to cleave proTGF␣ even in the presence of the classical known sheddase TNF␣-converting enzyme 1 (TACE) (23) . In this context, RHBDL4 was up-regulated under the pathological condition of colorectal cancer, thus modulating EGF receptor signaling.
What might be the biological function of RHBDL4-mediated APP cleavage? One possibility could be that RHBDL4 controls the amount of full-length APP (and APLP1 and APLP2) at the cell surface via ER degradation (Fig. 5D ). A similar mechanism was proposed in Drosophila melanogaster for the immature, membrane-bound EGF family ligands: they interact with iRhom (inactive rhomboid family members) in the ER, directing EGF toward proteasomal degradation and thus maintain low cell surface EGF levels (43) . This notion is supported by our observation that the inactive mutant of RHBDL4 retained immature APP in the ER. Likewise, a recent publication by Wunderle et al. (44) suggests that RHBDL4 modulates the trafficking of several cell surface proteins.
As a consequence of RHBDL4-mediated APP cleavage in the ER, we showed that this pathway bypasses classical amyloidogenic APP processing and therefore drastically decreases A␤ levels (Fig. 5D ), a finding that merits further investigation. However, the relevance of RHBDL4-mediated APP processing in Alzheimer disease pathology is currently unclear. Despite the decrease in A␤, the accumulation of CTFs could be problematic as well (45) . In addition, a recent paper described the formation of novel, toxic A fragments derived from larger APP CTFs (46) . Future research will reveal whether RHBDL4 activity has protective or detrimental effects in Alzheimer disease pathology.
Conclusion-We show here that the APP family members are efficient substrates for the human rhomboid protease RHBDL4, implying that signal transduction conducted by the APP family is regulated by RHBDL4. RHBDL4-mediated APP processing furthers our understanding of the physiology of the APP family. Likewise, the highly efficient processing of APP, APLP1, and APLP2 by RHBDL4 may be useful in elucidating the cleavage mechanisms and kinetics of mammalian rhomboids. , with active (ac) or inactive (inac) RHBDL4. Blots were stained using specific antibodies for APLP1, APLP2, and BACE1. Anti-V5 antibody was used for TfR and anti-myc antibody for RHBDL4. ␤-actin was used as a loading control. Shown are representative blots of independent experiments (i.e. n ϭ 5 for APLP1, APLP2, and TfR; n ϭ 3 for BACE1). E, full-length APLP1 and APLP2 were normalized to ␤-actin and are shown as mean -fold change Ϯ S.E. compared with inactive RHBDL4 set as 1. The quantification for APP was taken from 
Experimental Procedures
DNA Constructs-Plasmid pCMV6 containing the cDNAs encoding human RHBDL1-4 with a C-terminal myc-FLAG tag were obtained from OriGene. cDNAs encoding APP695 and APLP1 were cloned in pcDNA3.1 (Invitrogen) and APLP2 and BACE1 cDNA in pLBCX (Clontech). For co-immunoprecipitation analysis, an N-terminal myc tag was inserted after the signal peptide of APP695 in pcDNA3.1. cDNA encoding for the human transferrin receptor 1 was expressed from the pIRES vector with a C-terminal V5 tag. As mock controls, the empty vectors pcDNA3.1 or pCMV6 were used. Inactive RHBDL4 S144A was generated by site-directed mutagenesis using the forward primer 5Ј-gctgtaggtttcgcaggagttttgttt-3Ј and reverse primer 5Ј-aaacaaaactcctgcgaaacctacagc-3Ј. All expression vectors were verified by dideoxy DNA sequencing (McGill Génome Québec Sequencing Center).
Cell Culture and Transfection-Most experiments were performed using HEK 293T cells cultivated in DMEM containing 4.5 g/liter glucose, 0.584 g/liter L-glutamine, and 0.11 g/liter sodium pyruvate (Wisent) and supplemented with 10% FCS (Wisent) at 37°C and 5% CO 2 . Cells were passaged at a confluency of 80 -90%. For transient transfections, 6 ϫ 10 5 cells/well (6-well plates) and 2 ϫ 10 5 cells/well (12-well plates) were seeded 24 h before transfection, except for the ELISA (see below). Cells were transiently transfected with 2 g of DNA in total and 4 l of PEI (2 g/l) per 6 wells or 1 g of DNA and 2 l of PEI per 12 wells. For co-transfection, a DNA ratio of APP to rhomboid protease of 5:1 was used. 36 h after transfection, cells were lysed with TNE lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, and complete protease inhibitors (Roche)) and prepared for SDS-PAGE. When SH-SY5Y cells were used, 8 ϫ 10 5 cells were plated per 6 wells and transfected with 3 g of DNA and 10 l of Lipofectamine 2000 (Invitrogen). Cells were lysed 72 h after transfection with 100 l of TNE lysis buffer and prepared for SDS-PAGE. For the detection of endogenous APP fragments, we followed the sam- . D, scheme of RHBDL4-mediated effects on APP processing. In the amyloidogenic APP processing model (left panel), APP is processed at the cell surface or in endosomes, where BACE1 and ␥-secretase cleave APP to generate A␤ peptides. When RHBDL4 is processing APP (right panel), APP and RHBDL4 interact in the ER, where APP is cleaved multiple times by RHBDL4. Although the 70-to 73-kDa APP ectodomain (ecto) fragment likely accumulates inside the ER lumen and is partially secreted, the 22-to 25-kDa CTFs may be further trimmed by RHBDL4 generating 10-to 15-kDa APP CTFs. Consequently, less APP is transported to the cell surface and endosomes, preventing amyloidogenic APP processing and A␤ secretion.
ple preparation according to Wang et al. (34) using approximately twice the protein load per lane compared with samples overexpressing APP.
Inhibitor Treatments-36 h after transfection, the cell culture medium was changed and supplemented with different inhibitors for 12 h. Inhibitor IV (Calbiochem) was used at 1 M, L685,485 (Tocris) at a concentration of 1 M, BB94 (Abcam) at 10 M, ALLN (EMD Millipore) at 50 M, phenanthroline at 100 M (Sigma-Aldrich), and pepstatin A at 50 M (Sigma-Aldrich). Treatment with E64D was performed for 24 h at 10 M (Tocris). DMSO was used as a vehicle control. Cell supernatants were collected, and cells were lysed and prepared for SDS-PAGE analysis as outlined above.
Knockdown with shRNA-1 ϫ 10 6 HEK 293T cells/10-cm dish were seeded and transfected with 8 g of DNA and 16 l of PEI. Psi-H1 plasmids encoding a shRNA against human RHBDL4 (ggacggcaatactactttaat) or a random non-targeting sequence as control under the H1 promoter as well as GFP under the human CMV promoter were transfected (GeneCopoeia). The GFP fluorescence was used to select for the top 40% of cells with brightest GFP signal with FACS. 36 h after transfection, cells were either treated for 12 h with 50 M ALLN and then harvested with 3 ml of trypsin or first sorted by FACS, seeded again, and then treated with ALLN. Cells were resuspended in TNE lysis buffer at a concentration of 30,000 cells/l, and lysates were analyzed on 4 -12% bis-tris gels (Invitrogen).
Co-Immunoprecipitation-36 h after transfection, cells were lysed, and samples were diluted 1:1 with PBS. Immunoprecipitation was performed with 1.5 g of 6E10 antibody at 4°C overnight. After incubation with 30 l of protein G-Sepharose for 4 h at 4°C, samples were washed twice with washing buffer (50 mM Tris (pH 7.4), 150 mM NaCl, and 0.5% Nonidet P-40) and once with PBS. Sample buffer was added to the beads before SDS-PAGE analysis.
Western Blotting Analysis-Samples were separated on 10% or 15% Tris/glycine, 10 -20% Tris/Tricine (Bio-Rad), or 4 -12% bis-tris (NUPAGE, Invitrogen) SDS-PAGE gels (the latter two for APP CTFs) and transferred to nitrocellulose. The following primary antibodies were used: 22C11 (Millipore), LN27 (Invitrogen, APP epitope residues 45-53), 6E10 (Covance), C1/6.1 (BioLegend), anti-APP ab3 (Sigma-Aldrich, rabbit polyclonal, immunogen: 465-514 of APP695), mouse-anti-myc and rabbitanti-myc (9B11 and 71D10, Cell Signaling Technology), mouse-anti-␤-actin (8H10D10, Cell Signaling Technology), rabbit-anti-GAPDH ( 14 C10, Cell Signaling Technology), rabbit-anti-sAPP␤ (IBL), rabbit-anti-V5 (D3H8Q, Cell Signaling Technology), mouse-anti-BACE1 (D10E5, Cell Signaling Technology), rabbit-anti-APLP1 (ab192481, Abcam), rabbit anti-APLP2 (ab128603, Abcam), rabbit-anti-RHBDL4 (HPA013972, Sigma-Aldrich), rabbit-anti-LC3B (2775, Cell Signaling Technology). HRP-coupled secondary antibodies directed against mouse or rabbit IgG were purchased from Promega. Chemiluminescence images were acquired using the digital ImageQuant LAS 500 system (GE Healthcare).
ELISA-4.5 ϫ 10 5 HEK 293T cells were seeded per well in 6-well plates 24 h prior to transfection. Cells were transfected with 2 g of DNA and 4 l of PEI per well. 36 h after transfection, the medium was replaced and conditioned for 24 h. Cell debris was pelleted from supernatant by centrifugation at 10,000 ϫ g for 10 min. A␤38, A␤40, and A␤42 levels were quantified using the Meso Scale Discovery immunogenicity assay according to the instructions of the manufacturer. Corresponding cells were lysed to control for equal transfection levels by Western blotting.
Data analysis and Statistics-Western blotting images were quantified with ImageJ. Statistical data analysis was performed with GraphPad Prism 6. 
